Dengue virus (DENV) is an important human pathogen, especially in the tropical and subtropical parts of the world, causing considerable morbidity and mortality. DENV replication occurs in the cytoplasm; however, a high proportion of nonstructural protein 5 (NS5), containing methyltransferase (MTase) and RNA-dependent RNA polymerase (RdRp) activities, accumulates in the nuclei of infected cells. The present study investigates the impact of nuclear localization of NS5 on its known functions, including viral RNA replication and subversion of the type I interferon response. By using a mutation analysis approach, we identified the most critical residues within the ␣␤ nuclear localization signal (␣␤NLS), which are essential for the nuclear accumulation of this protein. Although we observed an overall correlation between reduced nuclear accumulation of NS5 and impaired RNA replication, we identified one mutant with drastically reduced amounts of nuclear NS5 and virtually unaffected RNA replication, arguing that nuclear localization of NS5 does not correlate strictly with DENV replication, at least in cell culture. Because NS5 plays an important role in blocking interferon signaling via STAT-2 (signal transducer and activator of transcription 2) degradation, the abilities of the NLS mutants to block this pathway were investigated. All mutants were able to degrade STAT-2, with accordingly similar type I interferon resistance phenotypes. Since the NLS is contained within the RdRp domain, the MTase and RdRp activities of the mutants were determined by using recombinant full-length NS5. We found that the C-terminal region of the ␣␤NLS is a critical functional element of the RdRp domain required for polymerase activity. These results indicate that efficient DENV RNA replication requires only minimal, if any, nuclear NS5, and they identify the ␣␤NLS as a structural element required for proper RdRp activity.
D
engue fever is the most common mosquito-borne viral disease affecting humans (1) . An estimated 40% of the world's population lives in areas where dengue is endemic, and ϳ230 million infections occur annually worldwide (2, 3) . With nearly 500,000 patients developing dengue hemorrhagic fever annually, leading to more than 20,000 deaths, dengue has emerged as a major public health problem with significant economic, political, and social impacts (1) . However, neither antiviral drugs nor an approved vaccine is currently available (4, 5) . The lack of a vaccine is due mainly to the existence of 4 different dengue virus (DENV) serotypes that can cause severe disease symptoms, especially upon secondary infection with a heterologous serotype.
DENV is an enveloped, single-stranded RNA virus belonging to the genus Flavivirus in the family Flaviviridae (2) . The DENV genome has a length of ϳ10,700 nucleotides and possesses a type I cap at its 5= end. The genome encodes a single polyprotein, which is cotranslationally and posttranslationally cleaved by host and viral proteases into 3 structural proteins (capsid [C] , premembrane protein [prM] , envelope protein [E] ) and 7 nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (6) . The structural proteins, together with the RNA genome, are the main constituents of the infectious virion, whereas the NS proteins are part of cytoplasmic replication complexes (7) . In addition, some NS proteins are involved in counteracting cellular antiviral defenses (8, 9) .
NS5 is the largest DENV protein, with a molecular size of ϳ105 kDa, and comprises two domains. It contains methyltransferase (MTase) and guanylyltransferase activities (10) in the N-terminal domain and RNA-dependent RNA polymerase (RdRp) activity in the C-terminal domain (11) . Thus, NS5 is involved in both RNA capping and RNA replication. In addition, NS5 is responsible for blocking the type I interferon (IFN) response by binding to STAT-2 (signal transducer and activator of transcription 2) and inducing its proteasomal degradation (9, 10, 12, 13) . It is assumed that most, if not all, of these functions of NS5 are exerted in the cytoplasm. However, in DENV-infected cells, a high proportion of NS5 resides in the nucleus (14, 15) , a pattern similar to that found for yellow fever virus-infected cells (16) . Two functional nuclear localization signals (NLSs), designated the ␤NLS and the ␣␤NLS, have been identified in DENV NS5. The latter plays the major role in nuclear translocation and viral RNA replication (17) (18) (19) (20) . However, the crystal structure of the DENV NS5 polymerase domain (12) suggests that the two NLSs might be integral parts of the NS5 polymerase domain, raising the possibility that the reduced replication of viruses containing mutations in the ␣␤NLS might be due to impairment of their RdRp activity. Moreover, nuclear localization and RdRp activity might be linked, as de-duced from the observation that nuclear NS5 is hyperphosphorylated and has only weak interaction with NS3 (21) .
DENV NS5 is known to play a crucial role in the modulation of the innate immune response. Earlier studies identified NS5 as a key factor for increased production of the immunomodulatory cytokine interleukin-8 (IL-8) (22) . Secretion of IL-8 appears to be influenced by NS5 localized in the nucleus (18, 23) . However, it is not clear whether increased IL-8 secretion is linked to impaired replication of NS5 mutants with reduced nuclear accumulation. Much better established is the role of NS5 in blocking the JAK-STAT signal pathway that is activated by type I IFN. Infection of cells with DENV activates double-stranded RNA sensors such as RIG-I, MDA-5, or TLR-3, thus triggering IFN synthesis and secretion (24) . NS5 abrogates IFN signaling by interacting with STAT-2, resulting in the proteasomal degradation of STAT-2 and the IFN resistance of DENV-infected cells (9, 25) .
While these studies establish NS5 as a main IFN antagonist, the role of the nuclear localization of NS5 in DENV replication is unclear. In this study, we compared a set of mutants in which the nuclear localization of NS5 was impaired to different extents. We determined the virological parameters of the mutants and their properties with respect to the activation and inhibition of the type I IFN system, as well as the biochemical and structural features of the NLS in the context of full-length NS5.
MATERIALS AND METHODS
Cell lines and culture conditions. The Huh7, BHK-21, HEK 293T, Vero E6, and A549 cell lines were grown in Dulbecco's modified minimal essential medium (DMEM; Invitrogen, Karlsruhe, Germany) supplemented with 2 mM L-glutamine, nonessential amino acids, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 10% fetal calf serum in a 37°C incubator with 5% CO 2 . C6/36 cells derived from Aedes albopictus were maintained in minimal essential medium (MEM; Invitrogen, Karlsruhe, Germany) supplemented with 10 mM HEPES, 2 mM L-glutamine, nonessential amino acids, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 10% fetal calf serum at 28°C.
Plasmid construction. Plasmid pDVWS601, containing the fulllength cDNA of DENV type 2 (DENV-2) strain New Guinea C (NGC) (26, 27) , was modified by the insertion of a firefly luciferase reporter gene or a hygromycin phosphotransferase gene, replacing the structural genes, to yield a DENV luciferase reporter replicon or a selectable subgenomic DENV replicon, respectively (28) . To introduce NLS mutations into NS5, restriction sites for AgeI and SacI were introduced as silent mutations at positions flanking the ␤NLS and ␣␤NLS. Mutagenesis was carried out by two-step overlap PCR using forward primer 5=GAATGTAAGAGAAGTC AAAGGCCTGACAAAAGGA3= and reverse primer 5=TGGAACTACAA GTACGCGTCCGTCTTTCATGATTAACTCA3=, carrying the unique StuI and MluI sites, respectively, and the following primers for overlap PCR: the AgeI forward primer (5=ACCATGGCAGCTATGAAACAAAACAAAC CGGTTCAGCATCATCCATGGTG3=), the AgeI reverse primer (5=CAC CATGGATGATGCTGAACCGGTTTGTTTTGTTTCATAGCTGCCAT GGT3=), the SacI forward primer (5=TGTTGAAGATAGTAGGTTTTGG GAGCTCGTTGACAAGGAAAGGA3=), and the SacI reverse primer (5=T CCTTTCCTTGTCAACGAGCTCCCAAAACCTACTATCTTCAACA3=) (the restriction sites used for cloning and the mutations introduced are indicated by underlining). Amplicons were inserted via StuI and MluI restriction sites into pDVWS601or pDVWS601-Fluc. The ␣␤NLS mutations were also generated by overlap PCR using the AgeI forward primer and the SacI reverse primer, and the amplicons were inserted via AgeI and SacI into pDVWS601 or pDVWS601-Fluc. The following overlap primers were used for the generation of NLS mutants: KK371-372 forward (5=AC CCAAGAACCGAAAGAAGGCACAGCGGCACTAATGAAAATCACG GCA3=) and KK371-372 reverse (5=TGCCGTGATTTTCATTAGTGCCG CTGTGCCTTCTTTCGGTTCTTGGGT3=); KK387-388 forward (5=GA GTGGCTTTGGAAAGAACTAGGGGCCGCAAAGACACCTAGGATG TGCAC3=) and KK387-388 reverse (5=GTGCACATCCTAGGTGTCTTT GCGGCCCCTAGTTCTTTCCAAAGCCACTC3=); KK388-389 forward (5=GAGTGGCTTTGGAAAGAACTAGGGAAGGCAGCGACACCT AGGATGTGCAC3=) and KK388-389 reverse (5=GTGCACATCCTAGGT GTCGCTGCCTTCCCTAGTTCTTTCCAAAGCCACTC3=); KKK387-389 forward (5=GAGTGGCTTTGGAAAGAACTAGGGGCCGCAGCGA CACCTAGGATGTGCAC3=) and KKK387-389 reverse (5=GTGCACA TCCTAGGTGTCGCTGCGGCCCCTAGTTCTTTCCAAAGCCAC TC3=); RE396-397 forward (5=AAGACACCTAGGATGTGCACTG CAGCCGAATTCACAAGAAAGGTGAGAAG3=) and RE396-397 reverse (5=CTTCTCACCTTTCTTGTGAATTCGGCTGCAGTGCACATC CTAGGTGTCTT3=); EE397-398 forward (5=AAGACACCTAGGATGTG CACTAGAGCCGCATTCACAAGAAAGGTGAGAAG3=) and EE397-398 reverse (5=CTTCTCACCTTTCTTGTGAATGCGGCTCTAGTGCA CATCCTAGGTGTCTT3=); REE396-398 forward (5=AAGACACCTAGG ATGTGCACTGCAGCCGCATTCACAAGAAAGGTGAGAAG3=) and REE396-398 reverse (5=CTTCTCACCTTTCTTGTGAATGCGGCTGCA GTGCACATCCTAGGTGTCTT3=); and RK401-402 forward (5=AG GATGTGCACTAGAGAAGAATTCACAGCAGCCGTGAGAAGCAAT GCAGCC3=) and RK401-402 reverse (5=GGCTGCATTGCTTCTCACGG CTGCTGTGAATTCTTCTCTAGTGCACATCCT3=). The pcDNA-based NS5 expression construct was generated by PCR using pDVWS601 as the template with the following primers, bearing unique BamHI and XbaI restriction sites, respectively: forward, 5=TACCGAGCTCGGATCCATG GGAACTGGCAACATA3=; reverse, 5=ATAATTCTAGACTACCACAGG ACTCCTGCCTCTTCCTCTTC3=. Amplicons were treated with BamHI and XbaI and were inserted into pcDNA 3.1ϩ treated with the same enzymes. DNA fragments containing the NLS mutations were transferred from pDVWS601 via StuI and PmlI restriction sites into pcDNA 3.1-NS5. Deletion mutations affecting the NS5 NLS were generated by PCR, and the mutants were inserted via AgeI and PmlI into pcDNA-NS5. The following primers were used: 5=CAAAACAAACCGGTTCAGCATCATCCA AGAAACTAATGAAAATCACGGCAGAGTGGCTTTGG3= (forward) and 5=TTCAACAGCCTCACGTGCCGACTTCCACTT3= (reverse) for deletion of the ␤NLS; 5=TATGAAACAAAACAAACCGGTTCAGCA3= (forward) and 5=CAGCCTCACGTGCCGACTTCCACTTGTTCTCAT CAGTGAATATGGCCCCCAAGGCTGCATTTGTGCCTTCTTTCGGT TCTTGGGTTCTCGTGTCCACTTT3= (reverse) for deletion of the ␣␤NLS; and 5=GCTATGAAACAAAACAAACCGGTTCAGCATC ATCCAATGCAGCCTTGGGGGCCATATTCACTGATGAGAACAA GTGGAAGTCGGCACGTGAGGCTGTTGAA3= (forward) and 5=TTCA ACAGCCTCACGTGCCGACTTCCACTTGTTCTCATCAGTGAATAT GGCCCCCAAGGCTGCATTGGATGATGCTGAACCGGTTTGTTTTG TTTCATAG3= (reverse) for deletion of both NLSs. The pET21b-based vector used for the expression of full-length NS5 carrying an N-terminal hemagglutinin (HA) tag and a C-terminal hexahistidine tag in Escherichia coli was generated by PCR using forward primer 5=TTCCCCTCTAGAA ATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGTACCCAT ACGACGTCCCAGACTACGCTGGAACTGGCAACATAGGAGA3= and reverse primer 5=AGAGGATCCCTACTAGTGATGGTGATGGTGATG CCACAGGACTCCTGCCTCTT3=. After restriction digestion of PCR products with XbaI and BamHI, they were inserted into pET21b. ␣␤NLS mutations were inserted into pET21b-NS5 by fragment exchange using the corresponding DENV mutants and the StuI and PmlI restriction sites.
Indirect immunofluorescence. Huh7 or BHK-21 cells electroporated with DENV RNA were seeded onto glass coverslips in 24-well plates at a density of 1 ϫ 10 5 cells per well. Cells were processed for immunofluorescence as explained below. For the transfection of plasmid DNA, Huh7 cells were seeded onto glass coverslips in 24-well plates at a density of 1 ϫ 10 5 cells per well. Approximately 18 h later, cells were transfected with pcDNA-based expression constructs by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol and were incubated for ϳ16 h. Cells were fixed with 2% paraformaldehyde (Applichem GmbH, Darmstadt, Germany) and were permeabilized with 0.5% (vol/vol) Triton X-100 in phosphate-buffered saline (PBS). Primary staining was carried out by a 45-min incubation with either an NS5-specific rabbit polyclonal antiserum (dilution, 1:200) (7), a DENV E-specific monoclonal antibody (1:300) (ATCC), or a STAT-2-specific rabbit polyclonal antiserum (1: 100) (Santa Cruz Biotechnology), each diluted in PBS containing 3% goat serum. After extensive washes with PBS, secondary staining was carried out by a 45-min incubation with an Alexa 488-or Alexa 546-conjugated secondary antibody, each diluted 1:1,000 in PBS containing 3% goat serum. Nuclear DNA was stained with 4=,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Karlsruhe, Germany). Samples were mounted on glass slides with Fluoromount G (Southern Biotechnology Associates, Birmingham, AL), and images were acquired using a Leica CTR MIC fluorescence microscope or a Nikon Eclipse Ti spinning-disc confocal laser microscope. Images were processed with Adobe Photoshop software, and immunofluorescence signals were quantified by using the ImageJ software package (National Institutes of Health, Bethesda, MD).
In vitro transcription. pDVWS601-derived constructs were linearized by restriction digestion with XbaI. Ten micrograms of a phenolchloroform-purified DNA template was used in an in vitro transcription reaction mixture containing 80 mM HEPES (pH 7.5), 12 mM MgCl 2 , 2 mM spermidine, 40 mM dithiothreitol (DTT), 3.125 mM of each ATP, UTP, and CTP, 1.56 mM GTP, 1 mM m 7 GpppG cap analogue (New England Biolabs), 1 U RNasin (Promega, Mannheim, Germany) per l, 0.1 g plasmid DNA per l, and 0.6 U T7 RNA polymerase (Promega) per l. After incubation for 2.5 h at 37°C, 0.3 U T7 RNA polymerase per l reaction mixture was added, and the mixture was incubated for an additional 2.5 h at 37°C. Transcription was terminated by the addition of 1.2 U RNase-free DNase (Promega) per g of plasmid DNA, followed by a 60-min incubation at 37°C. RNA was extracted with acidic phenol and chloroform, precipitated with isopropanol, and dissolved in RNase-free water. Denaturing agarose gel electrophoresis was used to check RNA integrity, and the concentration was determined by measurement of the optical density at 260 nm.
Electroporation of DENV RNA. BHK-21 or Huh7 cells were detached from the plate by trypsinization, and PBS-washed cells were suspended in Cytomix (29) containing 2 mM ATP and 5 mM glutathione at a density of 1.5 ϫ 10 7 or 1.0 ϫ 10 7 cells per ml, respectively. Ten micrograms of in vitro-transcribed RNA was mixed with 400 l of the cell suspension, and the cells were electroporated using a Gene Pulser system (Bio-Rad, Munich, Germany) in a cuvette with a gap width of 0.4 cm (Bio-Rad) at 960 F and 270 V. The cells were immediately transferred to 12 ml of complete DMEM, and 2.5 ϫ 10 5 cells were seeded into each well of a 6-well plate. Virus replication assays. Cells plated in duplicate wells in 6-well plates were lysed at different time points in 350 l lysis buffer (1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO 4 , 4 mM EGTA, and 1 mM DTT [pH 7.8]) using repetitive freeze-thaw cycles. For each well, two 100-l portions of the lysate were each mixed with 360 l assay buffer ( Protein expression. Escherichia coli cells [strain Rosetta(DE3); kindly provided by Stéphane Bressanelli, Gif-sur-Yvette, France] were transformed with pET21b-NS5 and were plated onto LB agar plates containing 100 g/ml ampicillin and 1% glucose. Starter cultures were prepared by inoculating single colonies into 5 ml of LB medium containing 100 g/ml ampicillin and 1% glucose and incubating overnight. The starter culture was diluted 1:100 with fresh medium (final volume, 500 ml) containing 100 g/ml ampicillin and was grown at 37°C until an optical density at 600 nm of 0.8 to 1.0 was reached. Protein expression was induced by cold shock at 4°C for 30 min prior to the addition of 50 M isopropyl-␤-Dthiogalactopyranoside (IPTG) and 2% ethanol. After overnight incubation at 18°C, cells were harvested by centrifugation at 6,000 ϫ g for 10 min at 4°C, and the cell pellet was stored at Ϫ80°C until it was required for further processing.
Protein purification. Cell pellets were resuspended in lysis buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 20% glycerol, 1% octyl glucoside, 50 mM imidazole, 1 mM DTT, and a protease inhibitor mix [Roche]) containing 1 mg/ml lysozyme and 5 U/ml Benzonase, incubated at 4°C for 30 min, and lysed by sonication. Lysates were clarified by centrifugation at 12,000 ϫ g for 15 min at 4°C. Soluble NS5 was purified by metal affinity chromatography using a nickel-nitrilotriacetic acid (Ni-NTA) column equilibrated with lysis buffer. Unbound proteins were removed by washing the gel bed with 5 column volumes of wash buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 20% glycerol, 0.1% octyl glucoside, 50 mM imidazole, 1 mM DTT, and a protease inhibitor mix [Roche]). Bound protein was eluted by incubating the gel bed with elution buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 20% glycerol, 1% octyl glucoside, 400 mM imidazole, 1 mM DTT, and a protease inhibitor mix [Roche]). NS5-containing fractions were quantified by using the Bradford method, and purity was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Peak fractions were pooled and stored at Ϫ80°C.
RNA-dependent RNA polymerase assay. The RdRp assay was carried out using 400 ng of DENV genomic RNA generated by in vitro transcription and 200 ng of purified NS5. The reaction was performed in a total volume of 50 l, and the reaction mixture contained 50 mM HEPES (pH 8.0), 10 mM KCl, 5 mM MgCl 2 , 3 mM MnCl 2 , 1 mM DTT, 1 U/l RNasin, 0.5 mM (each) ATP, CTP, and UTP, 10 M GTP, and 10 Ci [ 32 P]GTP (3,000 Ci/mmol; Perkin-Elmer). After 2 h of incubation at 30°C, RNA was precipitated with 10% trichloroacetic acid on GF-C microfilters (GE Healthcare), and the incorporation of radioactivity was measured in a liquid scintillation counter. All measurements were carried out in duplicate.
Methyltransferase assay. The 2=O-methyltransferase assay was carried out in a total volume of 50 l containing 1 g of m 7 -capped DENV subgenomic RNA (corresponding to nucleotides 1 to 175 of the DENV-2 NGC genome) generated by in vitro transcription as the template and 100 ng of purified NS5. The assay buffer contained 50 mM Tris (pH 7.0), 10 mM KCl, 2 mM MgCl 2 , 2 mM MnCl 2 , 0.05% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 2 mM DTT, and 2 Ci 3 H-labeled S-adenosylmethionine (Perkin-Elmer). After 2 h of incubation at 22°C, the RNA was precipitated with ethanol, and the incorporation of radioactivity was measured by liquid scintillation counting.
RNA quantification by qRT-PCR. Total cellular RNA from ϳ5 ϫ 10 5 virus-infected cells was isolated by using the NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) as recommended by the manufacturer. The cDNA was prepared using a High Capacity cDNA reverse transcription (RT) kit (Applied Biosystems, Life Technologies). Quantitative realtime PCR (qRT-PCR) was carried out using an ABI Prism 7000 sequence detector system (Applied Biosystems, Foster City, CA). For each primer set, reactions were conducted in triplicate by using the Green Dye RT-PCR master mix (PJK Gmbh, Hilden, Germany) according to the manufacturer's instructions with the following primers (with their specificities given in parentheses): 5=TTGAGTAAACTGTGCAGCCTGTAGCTC3= (forward) and 5=GGGTCTCCTCTAACCTCTAGTCCT3= (reverse) (DENV); 5=GAAGGTGAAGGTCGGAGT3= (forward) and 5=GGGTCTC CTCTAACCTCTAGTCCT3= (reverse) (glyceraldehyde-3-phosphate dehydrogenase [GAPDH] ). The total volume of the reaction mixture was 15 l, and reactions were performed in two stages: stage 1, 15 min at 95°C; stage 2, 40 cycles of 15 s at 95°C and 60 s at 60°C. Quantities of DENV RNA were calculated by using serial dilutions of known amounts of DENV in vitro transcripts that were processed in parallel. For cellular genes, the ⌬⌬C T method (30) was used to calculate relative expression levels.
RESULTS
Mutations within ␣␤NLS abrogate the nuclear accumulation of NS5. In the initial set of experiments, we determined whether the subcellular localization of DENV NS5 depends on the host cell type (Fig. 1) . We used human hepatoma cells (Huh7, HepG2), human lung carcinoma cells (A549), African green monkey kidney cells (Vero), baby hamster kidney cells (BHK-21), and mosquito cells (Aedes albopictus; C6/36). Quantitation of the NS5-specific immunofluorescence signal revealed that ϳ80 to 90% of NS5 detectable in this assay localized in the nucleus 24 h after infection with DENV strain NGC, which was used throughout this study, and this pattern was independent of the cell line used ( Fig.  1A and B) . We therefore concluded that nuclear accumulation of NS5 is cell type independent and is a conserved feature in human and nonhuman cells.
To determine the relative contributions of the ␤NLS and the ␣␤NLS in NS5 to nuclear accumulation, we generated NS5 deletion mutants in which either the ␤NLS, the ␣␤NLS, or both were deleted (Fig. 2) . Deletion of the ␤NLS reduced the nuclear accumulation of NS5 about 3-fold, whereas deletion of the ␣␤NLS completely abrogated nuclear localization (Fig. 3A) . Thus, the ␣␤NLS plays a major role in the nuclear localization of NS5.
We next conducted mapping experiments in order to identify amino acid residues in the ␣␤NLS that are crucial for the nuclear localization of NS5. A panel of mutants was generated in which clusters of charged amino acid residues were replaced by alanine residues (Fig. 2B) . These mutants were transiently expressed in Huh7 cells, and the subcellular localizations of these NS5 variants were determined (Fig. 3B and C) . Two regions that were most sensitive to mutations were found: amino acid residues 388 and 389, corresponding to the second lysine cluster in the ␣␤NLS, and the two acidic amino acid residues at positions 397 and 398, residing in the C terminus of the ␣␤NLS (Fig. 3B and C) . Mutations affecting residues 387 and 388 or residues 396 and 397 had only minor effects on the nuclear localization of NS5, whereas mutations affecting residues 401 and 402 or residues 371 and 372 had an intermediate phenotype. The mutation affecting amino acid residues 387 to 389 strongly reduced nuclear localization, to levels similar to those for the mutation affecting residues 388 and 389, whereas alanine substitutions of amino acid residues 396 to 398 had the most drastic effect, reducing the nuclear accumulation of NS5 to levels comparable to those obtained with the ␣␤NLS deletion mutant. These results suggested that not only the bipartite NLS within the ␣␤NLS but also residues C-terminal to this NLS play crucial roles in the nuclear localization of NS5.
Nuclear localization of NS5 is not strictly required for viral RNA replication. We next determined whether nuclear localization of NS5 is required for DENV replication. The ␣␤NLS mutations were introduced into a genomic DENV luciferase reporter virus ( Fig. 2A) , and replication competence was determined in BHK-21 cells that had been transfected with capped in vitro transcripts corresponding to the mutant genomes. Time course experiments were conducted, and values obtained 24, 48, 72, and 96 h after transfection were normalized to the 4-h value, which reflects transfection efficiency (Fig. 4A) . The wild-type DENV reporter virus genome served as a positive control and the RdRp active-site mutant (GND) as a negative control. Overall, the replication competence of the mutant viruses (mutants 371-372, 387-388, 388-389, 387-389, 396-397, and 396-398), as well as virus production, correlated with the degree of nuclear localization of NS5 (compare Fig. 4A and B with 3B). However, there were two remarkable exceptions. First, mutant 401-402 replicated to levels only about 2-fold above the background, even though the nuclear localization of NS5 was only moderately affected. Second, mutant 397-398 replicated to wild-type levels, even though the nuclear localization of NS5 was highly reduced (compare Fig. 4A and 3B ).
Although these results were corroborated by measuring titers of infectious virus in the culture supernatants of transfected cells (Fig. 4B) , we could not rule out the possibility that the discrepancy between replication and NS5 nuclear localization observed for the two mutants was due to the use of a reporter virus genome. Therefore, we introduced the ␣␤NLS mutations into a nonreporter DENV genome (Fig. 2A) . In vitro transcripts derived from these genomes were transfected into BHK-21 cells, and RNA replication was monitored by qRT-PCR. Although the nonreporter genomes replicated more efficiently than the reporter virus constructs, the relative differences between the wild type and the various mutants were comparable (Fig. 4C) . Importantly, in this setting also, mutant 397-398 was fully viable. Moreover, the replication of mutant 401-402 was reduced ca. 50,000-fold from that of the wild-type virus, even though nuclear localization was reduced only ϳ2-fold (Fig. 3B) . In comparison, the nuclear localization of NS5 in mutant 371-372 was reduced more, whereas replication was hardly affected (compare Fig. 3B with Fig. 4C ).
We also determined the subcellular localization of NS5 in the context of infected BHK-21 cells by using the full-length nonreporter virus ( Fig. 4D and E) . The nuclear accumulation of the mutant NS5 proteins in infected cells was comparable to that observed for cells transiently expressing only NS5. Importantly, in mutant 396-398, virtually no nuclear NS5 was detected, yet this virus replicated ϳ500-fold above background, and mutant 397-398 replicated to the wild-type level even though the amount of nuclear NS5 was severely reduced. The possibility of high replication due to reversion of mutation 397-398 to wild type was ruled out by two complementary approaches. First, to avoid the accumulation of possible revertants in the virus stock used for the infection experiments, we monitored nuclear localization after electroporation and obtained identical results (data not shown). Second, we generated a modified 397-398 construct with two nucleotide exchanges at each affected codon. The replication of this construct was identical to that of the original 397-398 construct, thus excluding the possibility that the observed phenotype was caused by revertants (data not shown). Finally, analogous results were obtained when these mutants were tested in Huh7 cells (data not shown), arguing against a cell line-specific effect. We therefore concluded that nuclear localization of DENV NS5 is not a strict requirement for efficient RNA replication, at least in cell culture.
The replication deficiency of ␣␤NLS mutants cannot be rescued by trans-complementation. Earlier studies suggested that nuclear localization of NS5 is required in order to suppress the induction of antiviral cytokines, most notably interleukin-8 (IL-8) (18) . Therefore, we investigated the effects of the NLS mutations on IL-8 induction in Huh7 cells transfected with the various mutants. Although wild-type NS5 induced IL-8 ca. 12-fold as measured by qRT-PCR, the level of induction was lower with two selected NLS mutants (397-398 and 396 -398) and correlated with their replication competence rather than with the nuclear abun- The subcellular localization of NS5 was determined by immunofluorescence using an NS5-specific antibody. Images were captured with a 20ϫ objective using a confocal laser scanning microscope. NS5-specific immunofluorescence was quantified by using the ImageJ software package. (A and B) The extent of the nuclear localization of NLS mutants was determined by quantifying the NS5 signals inside the nucleus (N) and the cytoplasm (C) and calculating the ratio of the mean fluorescence (F) in the nucleus to that in the cytoplasm. Results are means Ϯ standard deviations (n, Ն50) for two independent experiments. Asterisks indicate significant differences (*, P Ͻ 0.05; **, P Ͻ 0.001) from the wild type. dance of NS5 (data not shown). However, these results did not exclude a role for nuclear NS5 in the induction of other antiviral cytokines, and therefore, we conducted trans-complementation experiments. Assuming that nuclear NS5 would block the activation of such cytokines, the expression of nuclear NS5 should be sufficient to rescue replication-defective NLS mutants. To test this assumption, we determined the replication competence of the ␣␤NLS mutant viruses in the presence of wild-type NS5 provided in trans by a subgenomic replicon (Fig. 5A) . Reporter virus genomes containing ␣␤NLS mutations were transfected into a cell line containing a stably replicating selectable DENV replicon, and the replication of the transfected genomes was measured by a luciferase assay. A reporter virus carrying a deletion within NS1 was used as a positive control, because earlier reports had described the rescue of NS1 mutations by trans-complementation (31, 32) . As shown in Fig. 5B , none of the ␣␤NLS mutants could be rescued in trans by the helper replicon, even though the replicon provided large amounts of nuclear NS5 (Fig. 5C ). In contrast, efficient rescue of the NS1 mutant, analyzed in parallel, was achieved, whereas this mutant was unable to replicate in the absence of the helper Results are means Ϯ standard errors of the means (n, Ն50) from two independent experiments. (E) Localization of NS5 in nonreporter DENV genomes carrying NLS mutations. The subcellular localization of selected mutants was determined by immunofluorescence using an NS5-specific polyclonal antibody 72 h postelectroporation. Nuclear DNA was visualized by DAPI staining. Images were captured with a 60ϫ objective using a confocal laser scanning microscope.
replicon (Fig. 5B) . This result suggested that the replication defect of the ␣␤NLS mutants could not be attributed directly to the reduced amount of NS5 in the nucleus. Moreover, the data imply that the lack of inhibition of antiviral cytokine induction, due to the small amount of nuclear NS5, did not account for the low level of replication of the ␣␤NLS mutants.
Mutations in the ␣␤NLS do not affect interferon resistance. Apart from its role in viral RNA replication, NS5 plays an important role in subverting the antiviral defense, most notably IFN signaling, by binding to STAT-2 and triggering its degradation (9, 25) . We therefore investigated the possible effects of ␣␤NLS mutations on IFN-induced antiviral defense. In the first set of experiments, we determined the IFN-␣ or IFN-␥ sensitivities of three ␣␤NLS mutants with severe (397-398), moderate (371-372), or minor (396 -397) decreases in NS5 nuclear localization. Addition of IFN-␣ at 6 h, 12 h, and 24 h after electroporation caused timeof-addition-and dose-dependent reductions in the levels of DENV replication in Huh7 cells (Table 1) . However, at 24 h postelectroporation, even with the highest IFN-␣ concentration (10,000 U/ml), viral replication was reduced only ϳ10-fold. In contrast, the replication of a hepatitis C virus (HCV) luciferasebased reporter replicon that we used in parallel as a positive control was reduced ϳ15-fold by the lowest IFN-␣ concentration (100 U/ml) at the same time point. Importantly, none of the DENV ␣␤NLS mutants showed altered sensitivity to the antiviral activity of IFN-␣, even though the replication competence of the wild type differed from those of the mutants (Fig. 4) .
To corroborate these results, we assessed the abilities of selected ␣␤NLS mutants to reduce STAT-2 abundance. The genome of wild-type DENV or the ␣␤NLS mutant 371-372, 388 -389, 397-398, or 396 -398 was transfected into Huh7 cells, which were analyzed by immunofluorescence for E protein and STAT-2. We used this single-cell analysis because of the various replication capacities of the mutants, which precluded Western blot analysis of total-cell lysates. As shown in Fig. 6A and B, the extents of STAT-2 degradation by the wild type and the mutants were comparable, suggesting that the mutations affecting the ␣␤NLS do not impair efficient STAT-2 degradation.
We also determined whether ␣␤NLS mutations affected the antiviral response against type II IFN (Table 1) . Although IFN-␥ treatment had a stronger antiviral effect than IFN-␣ on DENV replication, the replication of all ␣␤NLS mutants was reduced to the same extent, and their inhibition was comparable to that observed with the wild type. These results show that reduced nuclear accumulation of NS5 does not affect sensitivity to IFN-␣ or IFN-␥.
Mutations affecting the NS5 ␣␤NLS have minimal effects on RdRp and MTase activities. Structural studies of the NS5 RdRp domain suggest that the ␣␤NLS forms an integral part of the polymerase domain (33) . Moreover, genetic studies point to cross talk between the RdRp domain and the MTase domain (34) , arguing that at least some of the mutations in the ␣␤NLS might affect either of these enzymatic activities and thus impair replication competence. To analyze RdRp and MTase activities, we purified bacterially expressed full-length NS5 containing the ␣␤NLS mutations. In the initial set of experiments, we used an NS5 expression construct containing a hexahistidine affinity tag at the C terminus only. However, this protein was highly insoluble and massively degraded, as seen in the Coomassie blue stain and NS5-specific Western blot analysis (Fig. 7A and B, lanes 1 and 2) . In contrast, when we also fused a hemagglutinin (HA) affinity tag to the N terminus of NS5, the fusion protein was stabilized, and a large proportion of expressed NS5 was full length (Fig. 7B, lanes 5  and 6) . Although most of the full-length NS5 protein expressed Fig. 2A ) was transfected with full-length genomes containing mutations in the ␣␤NLS. Cells were seeded into multiwell culture dishes and were harvested 4, 24, 48, 72, and 96 h after transfection. The replication of the transfected reporter virus genome was determined by a luciferase assay. Note that the subgenomic helper replicon contains the selectable marker but lacks a luciferase reporter gene. p.e., postelectroporation. (B) The ␣␤NLS mutants (x axis) were transfected into Huh7 replicon cells. The replication of the NLS mutants was quantified by a luciferase assay using cell lysates prepared at the indicated time points. The NS1 deletion mutant (⌬NS1) was used as a positive control. The replication of the wild-type DENV reporter genome and of the ⌬NS1 mutant, each transfected into naïve Huh7 cells that lack the subgenomic helper replicon, served as references. (C) NS5 expression in DENV replicon cells was determined by immunofluorescence using an NS5-specific polyclonal antibody. Nuclear DNA was visualized by DAPI staining. Images were captured with a 100ϫ objective using a confocal laser scanning microscope.
was in the insoluble fraction of the cell lysate, sufficient amounts were soluble and could be purified with high efficiency under nondenaturing conditions by hexahistidine-specific affinity chromatography. Yields were in the range of 2 to 5 mg of purified protein per liter of E. coli culture, representing 1 to 2% of total expressed full-length NS5 protein. By using this strategy, we were able to generate NS5 proteins containing the ␣␤NLS mutations (Fig. 8A) . Inactive-MTase (S56A) and inactive-RdRp (D663N) mutants served as negative controls; wild-type NS5 was used as a positive control.
We first determined the impact of mutations affecting the ␣␤NLS on 2=O-MTase activity by measuring the transfer of a 3 Hradiolabeled methyl group contained in S-adenosylmethionine to a 5=-terminal fragment (corresponding to nucleotides 1 to 172) of the DENV-2 RNA genome (35) . As shown in Fig. 8B , the 2=O-MTase activities of all NLS mutants were comparable to that of the wild type, arguing that the ␣␤NLS does not contribute to in vitro MTase activity.
The RdRp activities of the NS5 proteins were determined by using noncapped in vitro transcripts corresponding to DENV RNA genomes as the template and measuring the incorporation of [ 32 P]GMP into newly synthesized RNA. As shown in Fig. 8C , except for one mutant, the RdRp activities of all the NS5 proteins were not affected by the ␣␤NLS mutations and were comparable to that of wild-type NS5. The exception was the NS5 protein containing alanine substitutions at positions 401 and 402, which showed ϳ20-fold-reduced RdRp activity. This impairment of RdRp enzymatic activity explains the low level of replication of this ␣␤NLS mutant, even though these mutations affected NS5 nuclear localization only to a very minor extent. Structure modeling of ␣␤NLS mutations in the context of full-length NS5. To gain insight into possible roles of residues R401 and K402 in RdRp activity, we used a structure model of the RdRp domain of DENV-2 that was derived from the crystal structure of the DENV-3 RdRp domain (36) in order to localize the positions of the ␣␤NLS as well as residues R401 and K402. Figure  9 shows that most of the mutated residues in the ␣␤NLS, including R401 at the C terminus of the second helix, are exposed on the surface of the finger subdomain. In contrast, residue K402 is buried and is located in the RNA template tunnel next to the active site. A model of a de novo initiation complex of the DENV-2 polymerase domain (36) containing the 3= end of the positive-strand RNA genome, the two nucleotides forming the 5= end of the negative-strand RNA (ATP and GTP), and the catalytic ions shows that K402 is positioned near the phosphate and ribose of the 3= end of the template, potentially maintaining interactions with the partially negatively charged O atoms. K402 may thus be involved in the binding of the 3= end of the template and/or in threading the template through the active site. In the model based on the DENV-3 RdRp domain structure without a template, K402 is engaged in a salt bridge with residue E491. Breaking and rebuilding of this salt bridge might be involved in template transport, and therefore, mutations affecting K402 might interfere with this process. Alternatively, the observed loss of polymerase activity in the R401-K402 mutant might be due to altered domain structure or stability of the NS5 RdRp resulting from the loss of this salt bridge.
In conclusion, our in vitro studies demonstrate that except for mutant 401-402, decreased replication of the ␣␤NLS mutant viruses was not due to impaired enzymatic activities of NS5. Mutations inside the minimal ␣␤NLS barely affected polymerase activity, in contrast to the 401-402 mutation at the very C-terminal end of the ␣␤NLS, supporting the notion that this region is a critical element of the RdRp domain.
DISCUSSION
DENV NS5 is a multifunctional enzyme that plays an important role in viral RNA replication and the inhibition of the innate immune response. Although all these processes take place in the cytoplasm, a high proportion of NS5 accumulates in the nuclei of DENV-2-infected cells. While similar results have been reported for yellow fever virus (16), nuclear localization of NS5 is not a conserved feature of all flaviviruses; West Nile virus (WNV) NS5 does not localize to the nucleus (34, 37) .
We observed nuclear accumulation of DENV NS5 in a wide range of mammalian and insect cell lines, indicating that this phenomenon is highly conserved among various DENV hosts. Moreover, nuclear localization of NS5 did not depend on the expression system and was virtually identical for cells expressing this protein alone and DENV-infected cells (18, 23) . However, this does not rule out a possible modulation of this process by NS5 interaction partners, such as viral RNA or other viral proteins.
The results obtained with deletion mutants identified the a Huh7 cells transfected with DENV-2 ␣␤NLS mutants were treated 6 h, 12 h, or 24 h after electroporation (epo) with IFN-␣ or IFN-␥ at different concentrations. Three days later, cells were harvested, and virus replication was measured by a luciferase assay. As a positive control, an HCV subgenome (isolate JFH-1) containing a luciferase gene was used (40) . Values were normalized to those for cells electroporated with the corresponding constructs but not treated with IFN, which were set at 100%. Results are means Ϯ standard deviations for three independent experiments. b WT, wild type; ND, below the detection limit.
␣␤NLS as the primary determinant for nuclear localization, since deletion of the ␤NLS reduced, but did not abolish, the nuclear accumulation of NS5. Nevertheless, several other regions in NS5 might influence nuclear transport, probably due to their role in proper NS5 topology or their influence on importin binding. In contrast to earlier studies that targeted the minimal bipartite NLS motif (KK-X 14 -KKK) (18, 23) , we systematically mutated all charged amino acid clusters within the ␣␤NLS to identify the residues within this region that are most essential for NS5 nuclear transport. Although mutations within the bipartite NLS reduced nuclear transport, mutations affecting a charged amino acid cluster ( 396 REE 398 ) C-terminal of the bipartite NLS completely abrogated nuclear transport of NS5. This observation was remarkable, because this mutation (396 -398) blocked the activities of both NLS motifs without altering them directly. It is possible that this charged amino acid cluster contributes to NS5 topology required for interaction with importins. Importantly, alanine substitutions affecting these amino acid residues impaired nuclear translocation tremendously yet did not affect, or only moderately affected, viral RNA replication. In fact, mutant 397-398 replicated to wildtype levels in spite of severely reduced amounts of nuclear NS5. Moreover, mutant 396 -398, which did not express nuclear NS5 to a detectable level, was viable ( Fig. 4C and D) . We therefore conclude that nuclear NS5 is not a strict requirement for DENV replication. Structural studies on DENV-3 NS5 suggest that both NLS regions form integral parts of the polymerase domain and that mutations affecting the NLSs might affect the enzymatic activities of the protein (12) . By using recombinant full-length NS5, we found that, with one exception, all ␣␤NLS mutants had RdRp activity comparable to that of the wild type, and none of the mutations affected MTase activity. These results indicate that the reduction in the level of replication of the NLS mutants was due not to Huh7 cells were transfected either with the wild-type NGC genome (WT) or with the indicated ␣␤NLS mutants. Seventy-two hours later, the cells were treated with 100 U of IFN-␣/ml. After 2 h, the cells were fixed, and E protein and STAT-2 were detected by indirect immunofluorescence using E-and STAT-2-specific antisera. The images were acquired with a 100ϫ objective using a confocal laser scanning microscope. Note that in cells expressing DENV E-protein, STAT-2 is absent, as manifested by the "empty" nucleus. Schematic representation of the expression constructs encoding full-length NS5 fused either to a C-terminal hexahistidine tag alone (construct 5His) or to an N-terminal HA tag and a C-terminal hexahistidine tag (construct 5HAHis). Mutations abrogating the methyltransferase (MTase) activity (S56A) or the RdRp activity (D663N), used as controls in the biochemical assays, are indicated. (B) Analysis of full-length NS5 proteins expressed in E. coli. Protein samples were analyzed by SDS-PAGE and Coomassie blue staining of the gel (top) or by Western blotting (WB) using an NS5-specific polyclonal antiserum (bottom). For each lane, 1 g protein, as determined by the Bradford assay, was loaded onto the gel. SM, size marker; UI, uninduced; I, induced; S, soluble fraction; IS, insoluble fraction; FT, flowthrough; E, eluate fraction. Because the amount of protein in the wash fraction (W) was below the detection limit, a 1:700 dilution of the total wash fraction was loaded onto the gel. disruption of NS5 enzymatic activities but possibly to an effect on the interaction of NS5 with other viral or cellular proteins or with viral RNA in the replication complex. Alternatively, the mutations might have altered the overall structure of NS5 while retaining the subdomain structures and thus their enzymatic activities. The structure of full-length NS5 has not yet been elucidated, but it can be assumed that NS5 adopts several conformations according to the particular step of genome replication (RNA synthesis and capping) and nuclear import. Indeed, small-angle X-ray scattering (SAXS) studies with soluble full-length DENV-2 NS5 suggest The tagged full-length NS5 proteins given above the gel were expressed in E. coli as described in Materials and Methods and were extracted from cell lysates by affinity purification using Ni-NTA affinity chromatography. Proteins were eluted with imidazole, and 5 g protein was analyzed for purity and integrity by SDS-PAGE and Coomassie blue staining. Numbers on the left are the sizes of molecular mass standards (Marker). (B) A 2=O-methyltransferase assay of NLS mutants was carried out using a capped DENV-2 genomic RNA template (corresponding to nucleotides 1 to 175 of the genome), 100 ng purified NS5, and 2 Ci of 3 H-radiolabeled S-adenosylmethionine. 3 H incorporation was determined by liquid scintillation counting. (C) RdRp assay of NLS mutants using in vitrotranscribed DENV-2 genomic RNA as the template and 100 ng purified NS5. The amount of 32 P-radiolabeled GMP incorporated was measured by liquid scintillation counting. The 2=O-MTase and RdRp activities are expressed as percentages of activities for wild-type (WT) NS5, with means and standard deviations estimated from three independent measurements. Shown is the classical closed "right-hand" structure of the RdRp domain, with the active site provided mainly by elements from the palm subdomain, situated in the center. The finger subdomain contributes the RNA template tunnel, and the thumb subdomain contributes the priming loop, which is essential for de novo initiation. The ␣␤NLS consists of two helices, which reside on the surface of the finger subdomain. The N-terminal helix harbors residues K371-K372 at its N terminus and residues K387-K388-K389 at its C terminus. The C-terminal helix bears residues R396-E397-E398 at its N terminus. The C terminus of this helix contributes to the RNA template tunnel. Whereas residue R401 is at the surface of the domain, K402 is orientated toward the tunnel. (B) Model of the DENV-2 RdRp domain in complex with the 3= end of the genome (CU-3=, represented as sticks color coded according to the atom type: white, C; red, O; blue, N; orange, P), as well as the first and second nucleotides used to initiate synthesis of the negativestrand RNA: ATP (represented as sticks and color coded according to the atom type: yellow, C; red, O; blue, N; orange, P) and GTP (represented as sticks color coded according to the atom type: light blue, C; red, O; blue, N; orange, P). Green spheres represent the two catalytic Mg 2ϩ ions. R401 resides on the surface of the domain and is not engaged in an interaction. In contrast, K402 is engaged in a salt bridge to residue E491 (red dotted lines) and is situated in close proximity to partially negatively charged groups of the RNA template (O atoms of the phosphodiester and ribose backbone) to allow possible interactions (black dotted line). The models were generated as described elsewhere (36) . PyMol was used to create the images.
